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COVER PICTURE

The cover picture shows the “Chemistry with
['®F]Fluoride Ion” in PET radiotracer production.
The procedure includes: (i) production of aqueous
['®F]fluoride ion from the cyclotron-promoted
180(p,n)'®F nuclear reaction on '30-enriched
water, (ii) conversion of the aqueous ['8F]fluoride
ion into a more nucleophilic species by com-
plexation with kryptand-K™*, (iii) incorporation
of fluorine-18 into a radiotracer, namely
['®F]SP203, for brain mGluRS receptors, (iv)
positron emission tomography (PET) of the
radiotracer in a human subject, and (v) genera-
tion of the corresponding PET image of the
brain mGIuR5 receptor distribution. These
steps are presented over a clock background to
stress the necessity to work quickly and ef-
ficiently with short-lived fluorine-18 (¢, =
109.7 min) and according to a tight time
schedule from radionuclide production
through to PET imaging. Details are pre-
sented in the Microreview by L. S. Cai, S. Y.
Lu and V. W. Pike on p. 2853ff. The authors
thank Dr. A. K. Brown and other staff of the
Molecular Imaging Branch at the National
Institute of Mental Health (Bethesda,
Maryland, USA) for the generation of the

PET image.
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The success of molecular imaging with positron-emission
tomography (PET) depends on the availability of selective
molecular probes labeled with positron-emitters, such as
fluorine-18 (t;, = 109.7 min). No-carrier-added (NCA)
[*8F]fluoride ion (*8F-) is the primary reagent for the prepara-
tion of '8F-labeled tracers in high specific activity. In this

microreview, we survey current and advancing radiochemi-
cal methods and technologies for the use of NCA ['8F]-
fluoride ion in the preparation of 8F-labeled radiotracers for
applications with PET.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2008)

1. Introduction

Fluorine-18 is a short-lived (¢;,, = 109.7 min) positron-
emitting isotope which now finds immense importance as

[a] Molecular Imaging Branch, National Institute of Mental
Health, National Institutes of Health,
Building 10, Rm. B3 C346, 10 Center Drive, Bethesda, MD
20892-1003, USA
Fax: +1-301-480-5112
E-mail: pikev@mail.nih.gov

a label for radiotracers used with the molecular imaging
technique of positron-emission tomography (PET).['-31 PET
has advanced to become an important clinical diagnostic
and research modality,™ and also a valuable enabling tech-
nology in drug discovery and development.[>% The incor-
poration of fluorine-18 into a radiotracer couples the bio-
chemical specificity of the tracer molecule with high sensi-
tivity for radioactivity detection; this enables the imaging
and quantification of a biochemical process or of a specific

imaging.

awards.
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low-density protein target in vivo (Table 1). An example of
the former is the incorporation of fluorine-18 into 2-deoxy-
D-glucose to give ['®F]2-fluoro-2-deoxy-D-glucose (['*F]-
FDG, Table 1) as a radiotracer of glucose utilization.!”]
['8F]FDG, originally developed in the late 1970s,®! is now
very widely used as a clinical research tool and as a diag-
nostic agent in oncology and neurology. This utility only
became possible because a method®'" was later developed
to prepare ['"|F]FDG efficiently from high activities of
['®F]fluoride ion (Scheme 1), thereby making ['*FIFDG
available to imaging centers within a few half-lives of trans-
port time. An example of the high sensitivity that may be
achieved with a PET radiotracer is provided by ['®F]-
fallypridel'!l (Table 1), which is used to measure dopamine
subtype-2 (D,) receptors in brain, including those in extra-
striatal regions of very low receptor density (0.3-
1.7 nM).["2! ['8F|Fallypride is also produced efficiently and
directly from ['®F]fluoride ion. Considerable commercial
and clinical interest exists to disseminate the application of
useful and efficiently prepared '8F-labeled tracers, as now
occurs for ['8F]JFDG.

OA _ OH
- 2 H+ H
18F
['8FIFDG

Scheme 1. The radiosynthesis of ['*FJFDG from ['8F]fluoride ion,
according to Hamacher et al.l”)

Fluorine-18 may be produced by several methods??”! but
by far the most useful is from a cyclotron through the pro-
ton irradiation of '®O-enriched water.[?®! This nuclear reac-
tion, '*O(p,n)'®F, is intrinsically high yielding at the low
proton energies (< 16 MeV) that are now available from
small compact cyclotrons. Several Curies may be produced
from a single irradiation whereas only 5-15 mCi of radio-
tracer need be injected into a human subject for a single
PET examination. The fluorine-18 is obtained as a solution
of ['®F]fluoride ion in the irradiated target water. Another
attractive feature of this method of production is that the
fluorine-18 is obtained “no-carrier-added” (NCA). This
means the ['®F]fluoride ion has a very high specific radioac-
tivity (i.e., ratio of ['®F]fluoride ion radioactivity to its mass
of carrier or total fluoride ion). Typically, the specific radio-
activity exceeds 5 Ci/umol. High specific radioactivity is
mandatory for radiotracers, such as ['®F]fallypride, that are
targeted at low density proteins, because low specific radio-
activity (high carrier) would saturate the target proteins
with non-radioactive ligand and so annul any signal from
radiotracer binding. High specific radioactivity also enables
radiotracers to be administered to human subjects in low
mass doses (typically less than 1-10 nmol), without toxic or
pharmacological effects. Moreover, the mode of decay of
fluorine-18 is attractive for PET imaging, because fluorine-
18 emits a quite low energy positron (maximally
0.635 MeV), which on average has a short path in vivo be-
fore its annihilation with an electron to give two opposed
2854
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and externally detectable y-rays, each 511 keV. This mode
of decay of positron-emitters constitutes the physical basis
of PET imaging (Scheme 2). The positron path (=< 2 mm in
water) is similar to the highest spatial resolution achievable
with modern PET cameras (~ 2 mm), but is shorter than
those of other useful positron-emitters, such as carbon-11.
PET image quality is therefore optimal with fluorine-18.
The decay of fluorine-18 gives innocuous %0 as product
atom. The half-life of fluorine-18, as well as permitting
transport of radiotracers over considerable distances, allows
PET scans to be acquired over a few hours. Hence, bio-
logical processes with quite slow kinetics can be followed.

\
v
]
'
'
[l
]
'

L Electron
\ ]
/
\ ,
¥ ’
\ ’

" 511 keV yray

Scheme 2. The physical basis of PET and an example of PET im-
aging of mGluR5 receptors in human brain with ['F]SP203
(Table 1). The '8F-labeled tracer (e.g., ['*F]SP203) distributes to
brain after intravenous administration. Decay of the fluorine-18
atom emits a positron, which loses momentum and collides with
an electron to form positronium; the latter promptly annihilates,
giving rise to two opposed 511 keV y-rays. The PET camera detects
and records the coincident arrival of all y-ray pairs as the basis for
reconstruction of dynamic PET scans (scan by courtesy of Dr.
A. K. Brown et al., NIMH).

Although, a fluorine atom may often replace a hydrogen
atom at a carbon atom, this change is not closely isosteric
(Table 2). A fluorine atom is, however, sterically similar to
oxygen, and has a similar bond length to carbon; it may
substitute for a hydroxy group with regard to isoelectron-
icity and ability to hydrogen bond. The fluorine atom is the
most electronegative and its introduction into a molecule
often perturbs one or more aspects of biological behavior
(e.g., distribution, metabolism, protein binding). These per-
turbations may be deleterious or advantageous in a drugl’!
or radiotracer design. The carbon—fluorine bond is intrin-
sically strong, but, even so, for aliphatic carbon is often
prone to enzymatic cleavage in vivo. Such defluorination
may sometimes be prevented by pharmacological inter-
vention.’%31 Aryl carbon—fluorine bonds are generally
stable in vivo but pose a greater challenge for creation from
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['8F]fluoride ion, especially in electron-rich arenes (see Sec-
tions 2.2-2.4).

Table 2. Van der Waals radii, electronegativity and bond lengths to
carbon of various atoms.

Element van der Waals radius  Electronegativity Bond length of C-X
(X) [A] (Pauling scale) [A]
H 1.20 2.20 1.09
(6] 1.52 344 1.43
F 1.47 3.98 1.35

The production of '®F-labeled tracers from cyclotron-
produced ['®F]fluoride ion poses several challenges to ra-
diochemists. First, the ['®F]fluoride ion is obtained in ['3O]-
water which renders the ion poorly reactive due to its high
degree and strength of hydration. In general, the bulk water
must be removed to generate ['3F]fluoride ion of adequate
nucleophilicity.??l Usually, this ion must be solubilized in
an organic solvent to perform chemical reactions. These re-
actions must be achievable over short time-scales (min) due
to the short physical half-life of the fluorine-18. Finally, the
low mass of fluoride ion may pose problems, through for
example wasteful adsorption effects.

Chemistry with ['8F]fluoride ion is frequently performed
with very high levels of radioactivity (sometimes at Ci
levels). This mandates that the radiochemistry is performed
within an apparatus shielded from the operator for radia-
tion safety. Lead-shielded “hot-cells” are used for this pur-
pose. This in turn imposes a requirement that the radio-
chemistry be remotely controlled and preferably automated.
Automated radiochemistry apparatus is available commer-
cially and some academic centers have developed their own
apparatus, adopting various idiosyncratic approaches (e.g.,
robotics, PC control, etc.) to meet the automation chal-
lenge. Such devices have recently been reviewed by Krasi-
koval®¥ and are not discussed here. Mainly, these devices
are used to perform simple radiochemistry with ['*F]fluo-
ride ion on a “macro-scale” i.e., typically employing quite
large amounts of precursor (mg quantities) in significant
volumes (up to 1 mL).

Traditional methods for the preparation of mono-fluo-
roorganics are preponderantly based on the use of electro-
philic reagents (e.g., fluorine gas, xenon difluoride, or Se-
lectfluor). By contrast the field of fluorine-18 chemistry is
highly motivated to extend the range of new synthesis
achievable with ['®F]fluoride ion ('F) as reagent rather
than with cyclotron-produced ['®F]fluorine ('®F-F) and its
derivatives, which have intrinsic disadvantages of low spe-
cific activity and low radiochemical yields. (Henceforth, in
this microreview we denote decay-corrected radiochemical
yield as RCY.)

This microreview surveys current and advancing radio-
chemical methods and technologies for the use of ['®F]-
fluoride ion in the production of PET radiotracers, as seen
from the authors’ perspectives. As background, the reader
is referred to several earlier reviews of fluorine-18 radio-
chemistry.3* 4% These often extend to discuss the many gen-
erated radiotracers, but here the emphasis is placed firmly
on the essential chemistry of the ['®F]fluoride ion.

2855
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2. Labeling with ['®F]Fluoride Ion

2.1. General Considerations

The first steps in radiochemistry with ['"*F]fluoride ion
are almost invariably removal of bulk ['*O]water and solu-
bilization in an organic solvent. This is commonly achieved
by adsorption of ['3F]fluoride ion onto an ion exchange
resin,*!! to allow recovery of the expensive ['8O]water, fol-
lowed by elution of the ['3F]fluoride ion in a small volume
of an aqueous weak base (usually potassium carbonate).
Water is then removed by (two or three) successive cycles
of azeotropic evaporation with acetonitrile. Addition of a
kryptand, such as aminopolyether 2.2.2 (K2.2.2), during
this process enables the ['®F]fluoride ion to be solubilized
subsequently in a polar aprotic solvent, such as acetonitrile
(Scheme 3). The drying process is commonly performed in
small (ca. 1 mL) volume open or closed vessels under nitro-
gen. The vessel material is an important consideration,*?l
because a considerable proportion of the ['®F]fluoride ion
may become stubbornly adhered to the vessel wall. Adsorp-
tion is generally decreased for vessel materials in the order
of Pyrex > glassy carbon > platinum.

180(p,n)18F
on H,'80

 '8F(H,"%0),in Hy'®0
1) adsorption on anion

exchange resin
2) elution with aq. K,CO3/K2.2.2

/\\
‘\/o K* o\) 18F-(H,0),, in H,0

1) addition of ag. K,CO3/K2.2.2
2) azeotropic evaporation
with MeCN (x 3)

azeotropic evaporation
with MeCN (x 2)

f\m/\\
Hb//o K o\) 18F(H,0)

Scheme 3. Flow chart showing the structure of ['®F]fluoride ion—
K2.2.2-K* complex and its preparation from cyclotron-irradiated
['®O]water by two alternative processes; n may be as great as 15 in
fully hydrated fluoride ion;™3 m is expected to be < n.

The degree to which ['3F]fluoride ion is dried or dehy-
drated in this kind of process is unknown, but it is virtually
certain that truly “naked” fluoride ion is never obtained.
The removal of each water molecule of hydration is success-
ively more difficult, and hence trace ['*F]fluoride ion will
be hydrated to at least some extent by even very small traces
of residual water. Step-wise reduction in the degree of
hydration will correspondingly increase nucleophilicity. In
general, our experience is that a high degree of dryness is
required to endow ['8F]fluoride ion with adequate nucleo-
philicity for difficult reactions (e.g., aromatic nucleophilic
substitution reactions), whereas less scrupulous drying is re-
quired for less demanding reactions (e.g., aliphatic nucleo-
philic substitution reactions). In some cases the addition of
2856
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water may even be tolerated, and may assist in preventing
adsorption of ['®F]fluoride ion to vessel walls.

Several variations in the above procedure for producing
dry reactive ['®F]fluoride ion are practised, including varia-
tion in base (hydrogen carbonate, oxalate), kryptand (18-
crown-6) or counterion (Rb*, Cs*, rtBuyN*). A kryptand
serves to capture the metal cation (usually K*) and to sepa-
rate it from the ['®F]fluoride ion, thereby enhancing its nu-
cleophilicity. A large cation without kryptand (Cs*, Et,N™,
tBu,N*) serves the same purpose of charge separation.[*#
The fluoride ion is easily rendered non-nucleophilic by pro-
tonation. Hence, most reactions with ['®F]fluoride ion are
conducted under weakly basic conditions. Preferred bases
are poorly nucleophilic such as CO5;>", HCO;~ or C,04%
Precursors for labeling should not themselves be sources of
protons.

Other methods for isolating ['®F]fluoride ion may be
used. For example, an electrochemical procedure is used in
a few laboratories.[*>4°]

It is important to appreciate that much of the work so
far reported on chemistry with ['®F]fluoride ion has been
with “unpurified” cyclotron sources. Levels of contami-
nants and their effects will be variable. The proton-irradi-
ated water itself will contain free radicals due to the irradia-
tion and also to subsequent radiolysis. Removal of the irra-
diated water by evaporation may concentrate non-volatile
contaminants (e.g., metal ions and anions) that arise from
the cyclotron target during irradiation.[*”] These contami-
nants may subsequently hinder reactions of ['®F]fluoride
ion — the cations by binding ['®F]fluoride ion into refractory
species and the anions by competing as nucleophiles. Re-
covery of ['®F]fluoride ion from irradiated ['*O]water by ad-
sorption onto an ion-exchange resin, as commonly prac-
tised, may remove some impurities (e.g., metal ions), but
may introduce others during elution. Specific radioactivity
has generally been assumed to be high, but has not been
measured in all reported studies. In this regard, dilution of
['®F]fluoride ion with extra carrier (fluoride ion) is known
to increase radiochemical yields in some reactions,*® but
conversely to decrease yields in some others.[*”) It should be
borne in mind that 1 Ci of ['®F]fluoride ion delivered in, for
example, 1 mL of irradiated ['®O]water at a specific radioac-
tivity of 10 Ci/umol (as might be typical but still much
lower than the theoretical value for carrier-free fluorine-18,
namely 1710 Ci/umol) contains only 0.1 pmol (1.9 pg) of
non-radioactive fluoride ion; this amount of reagent may
easily be swamped by low (ppm) levels of impurities. Fre-
quently, precursors for reaction with ['®F]fluoride ion are
used in mg amounts and they must therefore be of very
high purity to achieve optimal radiochemical yields. Unsur-
prisingly, because of differences in the quality (purity and
specific activity) of ['®F]fluoride ion from different sources,
results from its use in radiochemistry are not always strictly
comparable.[]

Some attempts have been made to purify cyclotron-pro-
duced ['®F]fluoride ion, for example by conversion into
['®F]fluorotrimethylsilane, which may then be distilled out
and hydrolyzed back to ['®F]fluoride ion>!-3% (Scheme 4).

Eur. J. Org. Chem. 2008, 2853-2873
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Such ['"®F]fluoride ion has been reported to give reproduc-
ible reaction rates in nucleophilic substitution reac-
tions.[*%-331 This or other methods of purification have how-
ever seldom been implemented, and for the most part cyclo-
tron-produced ['®F]fluoride ions might be considered a
“dirty” reagent.

aq. '8F-

H,0
MesSiCl — >  MesSi'®%F ——— ag. 18F-

Scheme 4. Purification of the ['®F]fluoride ion via conversion into
distilled ['®F]fluorotrimethylsilane.

In theory, truly anhydrous or “naked” ['*F]fluoride ion
could be very useful for implementing difficult reactions.
Recently, it was claimed that truly anhydrous tetra-n-butyl-
ammonium fluoride (TBAF) has been produced through a
chemical reaction between tetra-n-butylammonium cyanide
(TBACN) and hexafluorobenzene (Scheme 5).°4 The na-
ked fluoride ion showed remarkable reactivity towards a
variety of substrates.’>! Aryl and aliphatic nucleophilic sub-
stitution reactions proceeded under mild conditions and in
high yield. Sun and DiMagnol*® have therefore proposed a
“fluoride relay” to obtain naked ['®F]fluoride ion. Aqueous
['8F]fluoride ion would first be incorporated efficiently into
a fluoroarene shuttle, which would then be purified before
being treated with TBACN to release naked ['8F]-
fluoride ion as TBA'SF. Detailed studies are however
needed to test whether “['®F]fluoride relay” is indeed feas-
ible and practically advantageous, especially at a no-carrier-
added level of specific radioactivity.

F ) CN
Polar aprotic
F F NC CN
solvents
TBACN + TBAF +
F F_350Ciort. NC CN
CN

Scheme 5. Generation of anhydrous tetra-n-butylammonium fluo-
ride in aprotic solvents.

2.2. Balz—Schiemann and Wallach Reactions with
['8F]Fluoride Ion

Incorporation of fluoride ion into the position originally
occupied by an aryl amino group is a long known transfor-
mation and may be achieved through either the Balz-
SchiemannP” or Wallach®®! reaction.

The Balz—Schiemann reaction requires the preparation of
an aryl diazonium salt followed by its thermal decomposi-
tion in the presence of a fluoride ion source to afford the
corresponding fluoroarene (Scheme 6). This reaction has
been adapted to prepare many ['8F]fluoroarenes, including
electron-rich arenes, such as '8F-labeled amino acids!>®¢3
(e.g., the 5-fluoro isomer of ['®*FJFDOPA in Table 1). Gen-
erally, the incorporation of '®F is low (2-15%). Low specific
radioactivity is unavoidable if BF, or other labile fluoride
anions are used. In addition, the use of BF,~ would theore-
tically limit the radiochemical yield to a maximum of 25%.
Counterions without a labile fluoride source, such as BCl,",

Eur. J. Org. Chem. 2008, 2853-2873
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have been tried in order to avoid dilution of specific radio-
activity, but have had only limited success.*’l Side reactions
of the diazonium salt with residual water or other trace ad-
ventitious species also limit the utility of the Balz-

Schiemann reaction.
N2 [OFIBF, A
R—— —
=

N* BF,
R—
=
~SFIF
R—i(j/ + ['8FIBF4/BF; + N,
=

Scheme 6. The Balz—Schiemann reaction for the preparation of car-
rier-added ['®F]fluoroarenes.

18—

The Wallach reaction yields ['®F]fluoroarene by acidic
decomposition of a triazene precursor in the presence of
['8F]fluoride ion (Scheme 7). The reaction is considered to
go through a diazonium salt, which may be obtained, for
example, through protonation of the triazene with triflic
acid. Both diazonium salt and aryl triflate are formed, but
high acid concentration favors the latter.[> A variety of
factors, including acid, solvent and reaction stoichiometry,
have been examined to optimize the production of ['8F]-
fluoroarene. Even so, only modest yields of fluoroarenes
have been achieved.[°¢%71 A synthesis of ['*FJhaloperidol(®]
provides a scarce example of the application of the Wallach
reaction to the preparation of a target radiotracer.

)

Scheme 7. The Wallach reaction for the preparation of ['*F]fluo-
roarenes.

18— R/ —
F = 18p
\ 7

Acid

The Balz—Schiemann and Wallach reactions, mainly be-
cause of their low RCYs and emerging alternatives, are now
rarely used to prepare '8F-labeled tracers.

2.3. Aromatic Nucleophilic Substitution with ['®F]Fluoride
Ion

The most successful approach for introducing fluorine-
18 at aryl carbons is direct nucleophilic substitution. This
reaction however requires that the aryl ring possess a good
leaving group, usually at an o- or p-position to at least one
electron-withdrawing  substituent.3*?1  Typical leaving
groups, in approximate order of increasing ability, are: I <
Br < Cl < F < NO, = N*Me;. Note that the order of
leaving group ability among the halogens is reversed to that
in aliphatic nucleophilic substitution reactions (see Section
2.5). Typical electron-withdrawing groups, in approximate
order of increasing ability, are: 3-NO, < 4-Ac < 4-CHO <
4-CN = 4-CF3 < 4-NO,. Normally, the reaction conditions
need to be quite harsh, for example, 120-180 °C in DMSO,
in the presence of a kryptand (e.g., K2.2.2) plus base (e.g.,
K,COj3 or K,C50,). Interestingly, although the nitro group
is much more nucleofugic than a halo group, the latter is
substituted by ['®F]fluoride ion from p-nitrohaloarenes as
in the radiosynthesis of ['®*FJPK 14105 (Scheme 8).7%1 In
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this example, the precursor and labeled product, because
of their close structural similarity, proved quite difficult to
separate.

Me e} Me

Et 18F_

—_—

DMSO,
Rb,CO3
140 °C,
20 min

O,N

['8FIPK14105
RCY (isolated) = 10-20%

Scheme 8. The synthesis of ['SF]JPK 14105.

In general, the use of Me;N* as a good leaving
group,’!-72 with chloride, perchlorate or triflate as counter-
ion, also has the advantage of permitting easy separation
of labeled product from precursor (because of charge differ-
ence), but sometimes has the disadvantage of competing
formation of ['®F]fluoromethane. A detailed mechanistic
study*®! has shown that p-substituents with high Hammet
o constant (e.g., NO,) favor formation of the ['®F]fluoro-
arene over ['8F]fluoromethane, and vice versa for low o
(Scheme 9).

1007 cn No
_ COMe &—%
é 80 E\ cozEt/ /3]:
E 4-['¢ F]fluoroarenes
> 607
[0 1
2 '
1
§ a0 :
Q 1
] !
B 20 Br ' ,
= f;/ : [8 F]methylfluoride
0 : ~9- [e] o
1
00 02 04 06 08

Hammett constant o of para substituent

Scheme 9. Influence of p-substituents on competition between
nucleophilic aromatic and aliphatic ['®F]fluorination with tri-
methylammonium as a leaving group. Reproduced from!3¢! with
permission (by courtesy of Prof. H. H. Coenen, Jiilich, Germany).

Only a few examples exist for efficient reactions with an
electron-withdrawing group in m-position.’>7  The
mGluR5 radioligand, ['*FJFMTEB (Table 1), has been pre-
pared from ['®F]fluoride ion by such a process, but only in
low radiochemical yield (Scheme 10).

A recent synthesis of ['8F]flumazenil (Table 1) demon-
strates that with judicious choice of reaction conditions it
is sometimes possible to incorporate the ['*F]fluoride ion
into a weakly activated aryl position (Scheme 11).

Recently, a stable molten salt, such as tetra-n-butyl-
ammonium mesylate (TBAOMs, m.p. 78 °C) or triflate
(TBAOTT, m.p. 112 °C), has been used in place of aprotic
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S
Me%\
N

4

Me—<\
18F- K2.2.2-K*
cl
DMSO,

microwaves

['8FIFMTEB
RCY (Isolated) ~ 4%

Scheme 10. The synthesis of ['*SFIFMTEB.

N
—
g OEt
N 18F- K2.2.2-K* \i)k
DMF,
OzN N, 160 °C,
Me A
(0] 30 min

[18F Flumazeml
RCY = 55-60%

Scheme 11. The radiosynthesis of ['*F]flumazenil.

solvent for aromatic nucleophilic substitution with ['8F]-
fluoride ion.[”>] Reaction of p-substituted nitrobenzenes or
trimethylanilinium triflates with ['®F]fluoride ion in these
molten salts gave the corresponding ['®F]fluorobenzenes in
RCYs up to 82%, appreciably higher than in typical
fluorination solvents, such as MeCN, DMSO or DMF (up
to 59%).

Nucleophilic substitution reactions with ['®F]fluoride ion
have been expanded to heteroarenes, especially pyridines.
This area has been extensively reviewed!’®! and hence is only
briefly discussed here. The most efficient method for the
synthesis of ['®F]2-fluoropyridines is through nucleophilic
substitution (Scheme 12). Almost quantitative yields can be
achieved. Even so, quite harsh conditions, comparable to
those needed for substitution in homoarenes, are still re-
quired. This points to the mechanistic similarity of nucleo-
philic substitution with ['¥F]fluoride ion in homoarenes and
heteroarenes. A variety of leaving groups have been used
successfully for this reaction (Scheme 12)."71 Among the
halo-pyridines, the iodo-derivatives are least reactive. Typi-
cal solvents for these reactions are DMSO and DMF.

| N 18- K2.2.2K* | o
X~ N Solvent, A F~ N
X =Cl, Br, I, NO; or N*Me; RCY up to 96%

Scheme 12. The syntheses of ['*F]2-fluoropyridines from ['*F]fluo-
ride ion.

The ready labeling of the 2-position of a pyridinyl ring
with ['8F]fluoride ion has been utilized in the production of
a wide range of PET radiotracers, notably radioligands for
nicotinic, 5-HT;, and mGIuR5 receptors,’®#1l as compre-
hensively reviewed by Dollé.[3*-76 These syntheses show the
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tolerance of the reaction for a second substituent on the
pyridinyl ring, as exemplified in the synthesis of [6-pyridi-
nyl-'8F]fluoro-WAY-100635 (Scheme 13).1821

Me0©

Cfﬁl\w[:::]
X = Br, NO,

18F- K2.2.2-K* | DMSO

S ‘/\N
18FJ|\/Nj\N/\/NJ
O

[6-pyridinyl-'8Ffluoro-WAY-100635

Oil bath 145 °C, 10 min RCY = 60-65%
Microwave 100 W, 1 min  RCY up to 93%

Scheme 13. Synthesis of [6-pyridinyl-'*F]fluoro-WAY-100635.

The synthesis of ['8F]4-fluoropyridines from ['®F]fluo-
ride ion generally proceeds as efficiently as those of ['3F]2-
fluoropyridines. Nevertheless, the synthesis of 4-trimeth-
ylammonium salts, as desirable reactive substrates, has not
been demonstrated. Curiously, no important radiotracer
containing a ['8F]4-fluoropyridinyl group has yet been re-
ported.

For the introduction of ['®F]fluoride ion into a pyridinyl
3-position, activation by an electron-withdrawing group is
needed.®3 A cyano or amido group is sufficient. Either
bromo or chloro can serve as the leaving group
(Scheme 14).

X 18F.
| N 18F- K2.2.2-K* | A
~ - ~
N~ R solvent, A N~ "R
X =Br, Cl

R =CN, CONH, RCY = 67-98%

Scheme 14. Syntheses of ['8F]3-fluoropyridines from ['8F]fluoride
ion.

Further heteroarenes are also proving amenable to
nucleophilic radiofluorination.®*8% For example, aromatic
nucleophilic  substitution with ['®F]fluoride ion has
recently been demonstrated in 2-bromo-1,3-thiazoles
(Scheme 15).183]
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S
H: 2>——j8F
N

RCY = 34-84%

S
[:::I: )F_JSF
N

RCY =40-51%

18F- K2.2.2-K*

S
[N/>—Br

DMSO, A

18F- K2.2.2-K*
DMSO, A

e

Scheme 15. Nucleophilic substitution in 2-bromo-1,3-thiazoles with
['®F]fluoride ion.

2.4. Reactions of Diaryliodonium Salts with ['3F|Fluoride
Ion

As noted above, a severe limitation of “classical” aro-
matic nucleophilic substitution reactions with ['8F]fluoride
ion is their lack of applicability to the labeling of electron-
rich arenes whilst the Balz—Schiemann and Wallach reac-
tions are poorly efficient. In 1995, a new method for intro-
ducing fluorine-18 into arenes was introduced, namely the
reaction of diaryliodonium salts with ['®F]fluoride ion
(Scheme 16).18¢1 This method was found to be applicable to
the '8F-fluorination of both electron-rich and electron-de-
ficient arenes.®’l An interesting feature of this reaction is
the “ortho effect”; an o-substituent on one of the aryl rings
preferentially directs the radiofluorination to that ring.
RCYs of the substituted ['®F]fluoroarene increase as more
substituents (e.g., Me) are added to the ring.®® The exis-
tence of this effect and the ease of reaction of electron-rich
rings in the salts suggest a mechanism other than direct
aromatic nucleophilic substitition (i.e., other than direct at-
tack of ['®F]fluoride ion onto an aryl carbon). Originally, a
“turnstile” mechanism was proposed®! to account for the
ortho effect in this type of reaction (Scheme 17). Subsequent
theoretical studies suggest other possibilities, which may in-
clude the formation of bridged dimersP®” or trimers®!l of
the diaryliodonium salts preceding their conversion into
['8F]fluoroarene. Recently, others®? have claimed that the
mechanism is indeed aromatic nucleophilic substitution on
the basis of a correlation of reaction rates with Hammett
substituent constants. Not all reactions showing such a cor-
relation involve reactions at aryl carbon sites and hence this
conclusion may need to be treated with caution.

X-
+ 18
N N ) N oA )
R'= P I /_R R'=u _ + . 7R
or
| 18F

Scheme 16. Introduction of fluorine-18 into arenes through the re-
actions of diaryliodonium salts with ['*F]fluoride ion.

18F—

—

Furthermore, radical scavengers, such as TEMPO, ap-
pear effective in promoting the yield and reliability of these
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Ar—!* + Nu~
N / Ar' \ "
Ar' T Ar
| H
..-,,INu N -
Ar . Ar' Ar)%A‘r'

\ Ar)l;Ar' /

ArNu + Ar'l
or
Arl + Ar'Nu

Scheme 17. Proposed “turnstile” mechanism for the polar reaction
of a diaryliodonium salt with a nucleophile, such as fluoride ion.
Nucleophilic attack upon the positive iodine atom in the iodonium
cation forms a tricovalent intermediate which collapses in an Sy-
like process to form products. The “ortho” effect is rationalised to
result from the relief of steric strain in the transition state with the
more bulky aryl substituent preferring to occupy an easily attacked
equatorial position.

reactions, and especially in avoiding decomposition of salt
before reaction with ['3F]fluoride ion is complete.l”>*4 Gen-
erally, these reactions proceed under mild conditions com-
pared to direct aromatic nucleophilic substitution (i.e.,
SnAr) with ["®F]fluoride ion and hence low-boiling-point
solvents (MeCN, DMF) may be utilized. Interestingly, it is
also claimed that these reactions can be performed in the
presence of large concentrations of water.[’3

For radiosynthetic utility, it is highly desirable to be able
to direct the incorporation of fluorine-18 to the desired
ring. In the absence of an ortho effect, the fluorine-18 is
incorporated into the least electron-rich ring. Hence, an ef-
fective strategy for directing fluorine-18 to the desired ring
is to make one of the aryl groups an electron-rich p-meth-
oxyphenyl or 2-thienyl ring (Scheme 18).°¢°% The nature
of the anion was noted to influence the rate and RCY's from
the 2-thienyl compounds.

So far, this approach to '8F-labeling has mainly been in-
vestigated for simple readily prepared diaryliodonium salts.

Only a few applications to the preparation of specific radio-
tracers have emerged. One successful example is ['3F]-
DAAI1106, which was obtained in 75% RCY
(Scheme 19).°91

OMe

TsO™ OY Me

MeO opn OMe

18F- nBusN* | DMSO, 85 °C

OMe
OY Me
18F : N
OPh

['8F]DAA1106
RCY =75%

OMe

Scheme 19. Synthesis of ['*F]DAA1106 using DAA-I*-anisole
iodonium tosylate as precursor.

A comparison of the reactions of ['®F]fluoride ion with
diaryliodonium salts or triazenes (the Wallach reaction) has
shown that the former is indeed much superior to the latter
(Scheme 20).1100-101]

The most efficient method to introduce fluorine-18 at a
3-pyridinyl position without assistance from an electron-
withdrawing group is now through an appropriate diaryl-
iodonium salt (Scheme 21).[10%]

It should be noted that diaryliodonium salts may now be
prepared by a variety of methods, of which the reactions
of commercially available Koser’s reagent with aryl boronic
acids!'® and organostannanes!!®¥ are particularly attract-
ive. The purities with which diaryliodonium salts may be
prepared will likely be critical to their wider application in
preparing complex '®F-labeled tracers.

-OTs |
~ + 18F_, nBU4N+ _ 18F
R one  DMSO or MeCN R l +
€ go-120°C
R = OMe, Me, H, Br or Cl 20-25 min RCY > 50% OMe

18F- K.2.2.2.-K*

X\
= S
L

20-25 min

H,
Br, |, OTs, OTf

R
X

DMF, 130 °C

_ 18F . | s
R \E/)

RCY up to 70%

4-Me, 2-OMe, 3-OMe, 4-OMe, 4-OBn, 4-|, 4-Br, 4-Cl

Scheme 18. The electron-rich p-methoxyphenyl or 2-thienyl ring directs fluorine-18 to the desired arene.
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18

O/ \©: Cs18F MeCN F 18F
mlcrowave 5 min Me
R! R2 RCY (%)
m-Cl H 6 0
o-Cl H 76 0
m-CN H 97 0
m-Cl OMe 77 11
o-Cl OMe 27 27
m-CN  OMe 96 0
| Cs'eF 18¢
iy LN R1—C N
L CF3SO3H %
CCI5CN, 90 °C
=CN, COMe RCY = 0-8%

Scheme 20. The reactions of ['8F]fluoride ion with diaryliodonium salts compared to those with triazenes (the Wallach reaction).

18|:
18F- K2.2.2-K* | X

T MeoN NT

O

RCY = 55-63%

18
oes
L
N

RCY =22-25%

18F- K2.2.2-K*

Scheme 21. Introduction of fluorine-18 at a 3-pyridinyl position
through a diaryliodonium salt.

2.5. Aliphatic Nucleophilic Substitution with ['®F]Fluoride
Ion

Aliphatic nucleophilic substitution with ['®F]fluoride ion
can be highly efficient; under favorable circumstances yields
may be quantitative. Usually, the leaving groups are sulfo-
nates (e.g., triflate, mesylate, tosylate or nosylate) or other
halides (Cl, Br or I). Substrate reactivity closely follows the

02 _{CHa)

n=1or2

18F—
nBu4N+

0]

N
Py | 18F-, K2.2.2-K*

N
Q DMSO

Cs'8F/HMPA
160 °C, 30 min

Scheme 22. Some ring-opening reactions of ['*F]fluoride ion.
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pattern of typical Sy2 type reactions, with substitution at
primary carbon favored for high yield. Primary carbon sites
may include benzylic and allylic carbons, a-positions of a
carbonyl group (including ester, ketone and aldehyde) and
the a-positions of cyanide and sulfonamide. Substitution at
secondary carbon may be accompanied with heavy elimi-
nation from the precursor. Certain cyclic systems can be
opened efficiently with ['®F]fluoride ion, and this has been
exploited, for example, in the syntheses of '8F-labeled MK
801 analogs,19%1001 [I8F]FLTI?7l and ['8F]2-fluoroetha-
noll'% (Scheme 22). However, the opening of epoxides, re-
quires acid catalysis, and is generally inefficient.[10%-110]
Aliphatic nucleophilic substitution reactions with ['*F]-
fluoride ion are usually performed in a polar aprotic solvent
such as acetonitrile, DMF, THF, DMSO, nitrobenzene, o-
dichlorobenzene, dichloromethane or tetramethylsulfone
(sulfolane). Acetonitrile is suitable and effective for many
reactions and has the attraction of being easily removed.
Perhaps counter-intuitively, protic solvents and even small
amounts of water have proved beneficial for some reactions.
Experimental studies show that the nucleophilicity of fluo-
ride ion decreases with degree of solvation.!'''] For example,

18 s CHZ)H

8F_|_abeled MK 801 analogs

RCY (overall) = 25-30%
(0]

NH
/gO

18F

['8FIFLT RCY = 5-14%

NaOH

18FCH,CH,080, Cs* ———=  18FCH,CH,OH

RCY (overall) = 44%
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in a comparison of the hydrated nucleophiles, F(H,0), for
reaction with n-octyl mesylate, the reaction rate with n =
1.5 is about 100-fold higher than with » = 8.5. Some nucleo-
philicity is however retained with even higher numbers of
water of solvation, or even in the presence of bulk water.[!!?]
A theoretical study!! 3] has rationalized how hydrated fluo-
ride ion, despite its very high free solvation energy (439 kJ/
mol),l'' can be a good nucleophile in certain reactions. In
general, as the dryness and therefore nucleophilicity of the
['®F]fluoride ion increases, the tendency for adsorption
onto reaction vessel walls also increases, so removing a pro-
portion of the ['®F]fluoride ion from the reaction mixture
and decreasing the overall radiochemical yield. This effect
is particularly pronounced in Pyrex glass vessels.*?! For re-
actions involving reactive substrates, addition of known
amounts of water may lead to optimal radiochemical yields,
by reducing adsorption while also maintaining adequate
nucleophilicity. The reactions of N-aryl-o-bromo acet-
amides with ['®F]fluoride ion in the presence of trace
water,[''3l which gave overall radiochemical yields up to
60%, exemplify this effect (Scheme 23).

o} o}

HNJK/ Br HNJ\EF

> O

Scheme 23. Reaction of N-aryl-a-bromo acetamides with ['8F]fluo-
ride ion.

18F~ 18-Crown-6-K*

MeCN, trace water

130 °C, 10 min RCY =20-60%

Recently, the use of polar protic solvents has been ex-
plored and applied successfully in several examples, includ-
ing the syntheses of [“F]Fp-CIT and ['*F]FLT!]
(Scheme 24). Sterically hindered alcohols, such as rert-butyl
alcohol, gave optimal results. The polar zerz-butyl alcohol
medium actually increases the nucleophilicity of the fluo-
ride ion, thereby increasing the rate of nucleophilic fluori-
nation compared with conventional solvents and reducing
competing formation of typical by-products, such as al-
kenes, alcohols, or ethers.''”l Quantum chemical analysis

XO/\/\ N o)
e
%
I
X= MeSOZ p-Me-CgHys SO,

.Boc
N

LK

18- TBAOH
{BUOH

1. Cs"8F, tBuOH

has suggested the reaction mechanism differs from classical
Sn2.1181 Thus, tert-butyl alcohol may be acting both as a
Lewis base to the bulky and polarizable counter cation
(Cs*) and as a Lewis acid to the leaving group (Scheme 25).
Tertiary alcohols as a reaction medium for nucleophilic flu-
orination with ['8F]fluoride ion appear quite generally use-
ful for aliphatic substrates.
H-Bond H-Bond

I I
M H wﬁx-" HO‘%

lonic bond Departure of
weakened leaving group
by H-bond assisted by H-bond

Scheme 25. Aliphatic nucleophilic substitution using fert-butyl
alcohol as solvent.

2.6. Nucleophilic Addition of ['®F]Fluoride Ion

Reaction of ['®F]fluoride ion with trifluoroethylene has
been used to labell!'%-12% eco-friendly 1,1,1,2-tetrafluoroeth-
ane (HFC 134a) selectively in the 1-position.['?!] The pro-
ton required for product formation was found to come from
the reaction solvent (MeCN) (Scheme 26). This is a rare
example of the practical application of a nucleophilic ad-
dition of ['8F]fluoride ion.

18F- K2.2.2-K*

F,C=CHF [1-"8FICF3CHoF
95 °C, 25 min
MeCN RCY > 56%

Scheme 26. Preparation of [1-'SFJHFC 134a by nucleophilic ad-
dition.

2.7. Exchange Reactions of ['F|Fluoride Ion

Exchange reactions of ['®F]fluoride ion always have the
outcome of low specific radioactivity, which is usually un-

18F/\/\N (0]
-
%
|
['8FIFp-CIT
RCY = 36-52%

DMTrO_ ONos N ©

-0 2. 1N HCI

| NH
N/gO

0]

18F
RCY = 55-60%

Scheme 24. Aliphatic nucleophilic substitution with ['®F]fluoride ion in polar protic solvents.
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desirable, and they have rarely been used in radiotracer
preparation. The possibility to produce radiotracers by ex-
change reactions of ['®F]fluoride ion in fluoroarenes has
gained some interest recently for producing radiotracers
where high specific radioactivity is non-critical.['?? Al-
though few details have been given, RCYs ranging between
29 and 95% have been reported.

['®F]Fluoride ion exchanges with xenon difluoride
(Scheme 27).['231 This reaction is of interest as a means of
producing an electrophilic radiofluorination agent from
['®F]fluoride ion. Difficulties in reproducing this reac-
tion!!?* point to the capricious nature of ['*F]fluoride ion
chemistry, as alluded to in the introduction.

18F- K.2.2.2-Cs,CO4
CHuCly r.t., 45 min

XeF, ['8F]XeF,

RCY ~90 %

Scheme 27. Preparation of ['8F]xenon difluoride from ['8F]fluoride
ion.

3. Labeling Agents Derived from ['3F]Fluoride
Ion

As may be appreciated from the preceding section, not
all fluorine-containing target radiotracers are yet amenable
to direct single-step labeling with ['3F]fluoride ion; this is
especially so for electron-rich arenes and macromolecules.
A second useful strategy for obtaining '8F-labeled tracers is
to prepare a reactive species (a labeling agent) from ['*F]-
fluoride ion, and to use this for the introduction of fluorine-
18 into the target. Such labeling agents may be aliphatic or
aromatic and the targets small molecules or macromole-
cules. This area has been reviewed®>-3%:71 quite recently and
in considerable depth, and hence only some of the most
important aspects are discussed here.

An important range of labeling agents are the function-
alized straight chain aliphatic ['®F]fluorides,!?>-133 pre-
pared from the reaction of ['®F]fluoride ion with o,®-bi-
functional agents (Scheme 28). The preparation of these
agents has recently been reviewed at length.l'36] The most
widely used are the short chain ['®F]o-fluoroalkyl agents,
especially ['8F]fluoromethyl bromide!!3>!331 and ['8F]2-
fluoroethyl tosylate [!34135]

R. R 18— R_R
F~, base, solvent 18
X\/(><)FY F\/P%Y

, Y =Br, I, OTs, ONs, OTf

Scheme 28. The preparation of simple '8F-labeled fluoroalkylation
agents.

['®F]Fluoromethyl bromide may be prepared from dibro-
momethane and purified by vapor phase transfer (in carrier
nitrogen) through several Sep-Paks, before reaction with a
precursor to obtain the target tracer by O- or S-alkylation
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(N-fluoromethyl compounds are generally unstable). Exam-
ples are the radiosyntheses of ['®F]SPA-RQ (Table 1),
["*F][D,]JMeNER (Table 1), and ['*F]fluoromethyl nor-
thionisoxetine.['3”] The overall RCY's of these processes tend
to be low. Moreover, the fluoromethyl group attached to
the heteroatom may defluorinate to some extent in vivo.
Inclusion of two deuterium atoms in the fluoromethyl
group is claimed to counter this defluorination through an
isotope effect.['3¥! ['®F]Fluoromethyl bromide may be con-
verted easily into a more reactive labeling agent, ['*F]fluo-
romethyl triflate, by passage over heated silver triflate.[3]

['®F]2-Fluoroethyl tosylate has been applied to the syn-
theses of several radiotracers, including ['SFJFECNT
(Table 1). This labeling agent is rather more reactive than
the alternative ['®F]fluoroethyl bromide and may be pro-
duced and used in situ.l'* ['8F]Fluoroethyl aryl sulfonates
of even higher reactivity may also be produced similarly,
such as the nosylate.'*!1 Arylsulfonate-based nucleophile
assisting leaving groups (NALGs) contain acyclic or cyclic
polyether units in o-position at the arylsulfonyl ring. They
display enhanced Sn2 type reactivity towards metal halides
through the cation-chelating moiety that attracts nucleo-
philic metal salts to the site of attack and stabilizes the
newly-forming leaving group through internal chelation.[4?]
Such advantages have also been realized in radiofluorina-
tion under microwave conditions.!'+3!

The ['®F]fluoroalkylating agents are generally applied to
the labeling of small molecules. By contrast labeling agents
for '"8F-fluoroamidation'* and '®F-fluoroacylation!!’]
may be prepared similarly and are generally applied to the
labeling of peptides and proteins under mild conditions
(Scheme 29).

1) 18F-, K2.2.2-K+,

DMSO
2) F3CCOOH .
NHBoc NH3;" “O,CCF
TSO/\/ 18F/\/ 3 2 3
X 18 + F
. F~, K2.2.2-K", MeCN !
R)YOR R)\[(OR
(0] fo) X=Cl, Br, OTs
R= H, CH3
R'= Me, Et

Scheme 29. The preparation of simple '®F-labeled fluoroacylation
and fluoroamidation agents.

['®FJo- or p-fluorobenzaldehydes may be produced quite
efficiently in one step by aromatic nucleophilic substitution
in the corresponding benzaldehyde bearing a good leaving
group, such as NO, or Me;N*.[146:147] These aldehydes are
useful synthons in their own right, since they may be used
in multi-step radiosyntheses of useful radiotracers, such as
['F]FDOPA (Table 1). They may also serve as entries into
other useful labeling agents such as the corresponding ['®F]-
fluorobenzyl halides, through reduction and halogenation.
An example is ['8F]p-fluorobenzyl bromide (Scheme 30) for
the synthesis of a brain CB,; receptor ligand, ['*F]Pip-
ISB.[1481
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18F
_ 18
N*Me; TfO F H,O,H* Q
18F- K2.2.2-K* | 5-OH
| cro I N oo Z
= DMSO /

0-CHO 80 °C, 4 min
p-CHO 120 °C, 10 min,

RCY =60-70%
RCY =70-90%

w 18 18
SOBr,
A — BN
| CH,OH | 5-CH,Br
= yZ

Scheme 30. Examples of the preparation of ['®FJo- or p-fluorobenzaldehydes and derivatives as labeling agents.

Other ['®F]fluoroarenes have also come to serve as syn-
thons or labeling agents. An example is ['3F]p-fluorobro-
mobenzene,”-14%1 which is efficiently produced by the reac-
tion of bis(p-bromophenyl)iodonium bromide or its 2-thi-
enyl analog with ['®F]fluoride ion (Scheme 31). This may be
further converted into the useful synthon ['®F]p-fluoro-
phenyllithium.

18F 18F
/©/ R 18- K2.2.2.K* Li/CeHsBr
DMF, 130 °C
Br Li
R = \© RCY = 35%
RCY = 659
\©\Br CY = 65%
s
|
RCY = 70%

Scheme 31. The radiosyntheses of ['*F]p-fluorobromobenzene and
['®F]p-fluorophenyllithium.

Further examples of aryl labeling agents include ['*F]p-
fluoroaniline and ['8F]p-fluorophenyldiazonium ion, de-
rived sequentially from dinitrobenzene and ['®F]p-fluoro-
nitrobenzene (Scheme 32).[15%

Scheme 32. The radiosyntheses of ['*F]p-fluoroaniline and ['8F]p-
fluorophenyldiazonium ion.

NO,
18-, K2.2.2K* HINO,~

DMSO

2

The application of such reactive ['*F]fluoroarenes is
mainly limited to the preparation of small molecule radio-
tracers. This area has become very diverse and has recently
been reviewed thoroughly by Wuest.[37]

Interest in the '8F-labeling of macromolecules, especially
peptides and proteins, has been burgeoning. A wide range
of labeling agents has been developed for this specific pur-
pose. A comprehensive list of such agents for peptide and
protein labeling with their reactivities and the important
features of their production and utility has recently been
2864
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compiled by Wester and Schotellius.?® These reagents are
often intended to react under mild conditions with nucleo-
philes in the macromolecule, such as amino, carboxylate or
thiol groups. An example of each type of labeling agent is
shown in Scheme 33.

o}

OH
Amine reactive 18
F

0O

N/\/\/NH2
Carboxylate reactive '8F. H
OS5\
N
o
18F

Scheme 33. Examples of labeling agents produced from ['®F]fluo-
ride ion for the labeling of peptides at amino, carboxylate or thiol
functions in peptides and proteins.

Thiol reactive

“Click” chemistry, which utilizes Huisgen 1,3-dipolar cy-
cloaddition of terminal alkynes and azides to form 1,2,3-
triazoles, has been adopted for the preparation of ['*F]fluo-
ropeptides (Scheme 34).[1511521 The reaction requires Cu!
catalyst, proceeds under mild conditions in aqueous media
and requires virtually no protection of other functional
groups. Use of the non-radioactive component of the reac-
tion in excess compensates for moderate reactivity. Thus,
many labeling reactions can be completed within 20 min in
moderate to high radiochemical yields. Depending on the
availability of building blocks, the alkyne or azide group
can be on either side of the triazole ring, thus providing
more flexibility in choice of starting materials. The synthe-
ses of many '®F-labeled azides and alkynes are being inves-
tigated so that the repertoire of click chemistry can be ex-
panded to include the synthesis of both peptide-like and
small compounds for molecular imaging.['33:154

The facile incorporation of ['8F]fluoride ion into the 2-
position of the pyridinyl ring (see section 2.4) has been ex-
ploited to produce a useful labeling agent, ['*F]FPyBrA, for
oligonucleotides containing a phosphorothioate monoester
function (Scheme 35).[153]

Eur. J. Org. Chem. 2008, 2853-2873



Chemistry with ['®F]Fluoride Ion

Eur

0]

N3/\/”\ peptide

18F- K2.2.2-K*
MeCN

1o W “’F/\Mn/¢

Cul, Na ascorbate

DIEA
o}
18- Kt ///U\ peptide
Tso/\/N3 F~, K2.2.2-K ‘BF/\/NS
MeCN CuSOy, Na ascorbate
Sodium phosphate buffer
pH=6.0

0

N
N* ‘N/\)kpeptide

Ot

n=1-3 RCY =54-99%

0]

X

peptide

N
~ N

N

18F

RCY =92% (n = 3)

European Journal
of Organic Chemistry

Scheme 34. Two strategies for the labeling of peptides using Huisgen’s 1,3-dipolar cycloaddition of terminal azides to alkynes, or “click

chemistry”.
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Scheme 35. The preparation of ['F]FPyBrA as a labeling agent for oligonucleotides containing a phosphorothioate group.

4. New Methods and Technologies for Chemistry
with ['®F|Fluoride Ion

4.1 Enzyme-Catalyzed ['®F]Fluorination

Enzyme-catalyzed chemical transformations produce or-
ganic or bioorganic molecules in a stereo-, regio-, and
chemo-selective manner.['>% The fact that most enzymes
operate at near room temperature and in aqueous solution
can be beneficial for application to the synthesis of '8F-
labeled tracers which are usually formulated in physiologi-
cal media, such as saline. However, the rate of enzyme-cata-
lyzed reactions must be within a range that gives product

on a nanomol to micromol scale within one or two half-lives
of fluorine-18.

Enzymes have long been used to catalyze the transforma-
tion of functional groups, other than —F itself, to prepare
18F-labeled compounds.'>”) O’Hagan and co-workers re-
ported the first example of the formation of a C-F bond
by an enzyme, now called fluorinase (E.C. 2.5.1.63), which
was isolated from the bacterium, Streptomyces cattleya.!'>8]
Although radiofluorination of S-adenosyl-L-methionine
was initially reported as inefficient with RCY at ca. 1%,
they subsequently improved this procedure by introducing
a second enzyme, L-amino acid oxidase, to shift the equilib-
rium to the formation of ['®F]5’-fluoro-5'-deoxyadenosine

- NH
02C 3 NH, NH,
N B N S
</ | /)N 18p- </ | /)N
/S* o NN fluorinase 18F. 0 NN
35°C,1h
OH OH OH OH
. RCY=90%
2-oxo-acid L-amino acid oxidase L-methionine

Scheme 36. The removal of L-methionine by L-amino acid oxidase shifts the equilibrium in favour of formation of ['®F]5'-fluoro-5'-

deoxyadenosine in S. cattleya.
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(Scheme 36). RCY reached > 90% under optimal condi-
tions."> The efficiency of these processes was enhanced by
using a much higher concentration of enzyme (um) than
['8F]fluoride ion (pm).

4.2 Microwave-Enhanced Reactions

The use of microwaves to enhance radiochemistryl!60-1621
has been gaining popularity because it offers speed, selectiv-
ity and efficiency. Earlier concerns on the safety of the tech-
nology have been addressed by the development of a new
generation of microwave cavities that incorporate safety fea-
tures such as pressure and temperature controls. Some in-
struments are now able to provide visual monitoring of the
reaction.['63] The number of abstracts presented at the In-
ternational Symposia on Radiopharmaceutical Sciences
(ISRS, formerly the International Symposia on Radiophar-
maceutical Chemistry, ISRC) serves as a good indication of
the growth in this area (Scheme 37). The majority of these
abstracts report applications of microwaves in ['*F]fluoride
ion chemistry.

18F- K2.2.2-K*

20
18
16
14

Number of 'microwave' abstracts

o N A O 0 O

= H 1

1988 1990 1992 1993 1995 1997 1999 2001 2003 2005 2007
ISRC/ISRS year

Scheme 37. Number of abstracts describing microwave-enhanced
radiochemistry appearing in the last eleven International Symposia
on Radiopharmaceutical Sciences (ISRS and formerly ISRC). The
resurgence after 2001 corresponds to the advent of purpose-built
safe instruments.

NCA ["®F]fluoride ion may be dried by microwave heat-
ing of the cyclotron-irradiated water with added K,CO;
and K2.2.2 followed by multiple steps of azeotropic evapo-
rations, or by microwave drying of the eluent from an anion
resin cartridge that pre-concentrates the ['®F]fluoride ion so

OMe
s
N N NO
_/ —\—NH 2

DMSO

OMe
o
N N 18

['8F]1S14506

Heating block 180°C 30min RCY =37%
Microwave 300W 5min  RCY =3%%
S S
/—<\ | 15F \N l
B N F 1T K2.2.2K" AN .
MeCN
CN CN
['®FISP203
Thermal reaction 88 °C, 10 min RCY = 15-25%
Microwave 90 W, 2min RCY =80-85%
OTs °F
AN
NANW(/OMTr 18F- K2.2.2-K* N7 N“/i/owm
- DMF:MeCN = 1:1 -
o=8__/< N o] N
HN—X HN
NHMTr NHMTr
['®FIFHBG
Oilbath  115°C 20min  RCY =4-5%

Microwave 60 W 4x35s RCY =30-40%

Scheme 38. Examples of microwave-enhanced aromatic and aliphatic nucleophilic substitutions used in the syntheses of '®F-labeled tracers.
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that fewer steps of azeotropic evaporations are required. In
our laboratory, we developed a Synthial'®-based micro-
wave drying and reaction platform that regularly processes
200—400 mCi of ['®F]fluoride ion in 400-800 pL ['*O]water
for radiotracer research or production.l'® This system is
used for the production of radiotracers (e.g., ['*F]SP203
and ['®F]FBR, Table 1) for imaging in animals or human
subjects. Other radiochemistry platforms with microwave
components can process up to 3 Ci of ['*F]fluoride ion.[1¢°]

Examples of both aromatic and aliphatic radiofluorina-
tion under microwave conditions are shown in
Scheme 38.2°:167.168] Decreases in reaction time and in the
amount of required precursors, and improved RCYs are
among the advantages that microwave-enhanced reactions
can offer. The decreased precursor not only saves precious
starting materials, but also reduces the product purification
burden.

Introduction of fluorine-18 into m-aryl positions is diffi-
cult under thermal SyAr conditions, because even strong
electron-withdrawing groups, such as NO,, have only a
weak stabilizing effect (m << o < p) on the intermediate
anion ¢ complex. Nevertheless, under microwaves, m-['8F]-
fluoroarenes can be obtained regio-selectively in moderate
to good radiochemical yields (Table 3).['%1 Thus, difficult
positions for labeling with fluorine-18 may become more
accessible under the influence of microwaves.

The decrease in reaction time and improvement in RCY's
are also of great advantage in multi-step syntheses of radio-
tracers.l'>-179 In certain cases, the synthesis of a secondary
labeling agent has been accelerated under microwaves so
that the saved time could be diverted to subsequent steps.
In other cases, the first step has been performed as usual
and the subsequent reaction enhanced by microwaves.
Therefore, more choice of precursor and secondary labeling
agent is available so that more rapid, selective and func-
tional group-tolerating reactions can be developed.

The synthesis of ['*F]p-fluoroiodobenzene and its appli-
cation in Sonogashira cross-coupling reactions exemplifies
the first strategy.'® 4,4’-Diiododiphenyliodonium salts
were used as precursors for the synthesis of ['"*F]p-fluo-
roiodobenzene, enabling convenient access to ['*F]p-fluo-
roiodobenzene in up to 70% RCY (Scheme 39). High reac-
tion temperatures (above 140 °C) were essential for efficient
reaction of ['®F]fluoride ion with diaryliodonium salt in a

«
/@/"\@\ 18F- K2.2.2-K*
| | microwaves |
120 W, 5 min
X=Cl,  RCY=15-70%

OTf

RCY =16-37%

European Journal
of Organic Chemistry

Table 3. m-Fluorination of substituted benzenes with ['3F]fluoride
ion under thermal and microwave-enhanced conditions.[®!

EWG 18 . EWG
F K2.2.2-K
©\ solvent, A orpk
18F
LG = NO, N*Mes F EWG =NO;, CN, Br, CF3
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[a] Optimal conditions. Solvent: NMP; microwave input: 90 W,
3 min; amount of precursor: 1.8-2.8 mg (11-19 umol). Thermal
heating: 150 °C, 10 min.

highly polar aprotic solvent to form p-['3F]fluoroiodo-
benzene. Microwave activation did not greatly improve the
radiochemical yield of [!8F]p-fluoroiodobenzene. However,
because of the rapid access to high temperature under mi-
crowave conditions, the reaction time was reduced from 40
to 5 min, which was of great advantage in performing the
subsequent reaction and in preserving activity and specific
radioactivity.

18 8¢
R.._:

—_— -

Sonogashira /
coupling R 7

140 °C, 40 min
RCY = 13-63%
RCY =11-22%

Scheme 39. Microwave-enhanced radiosynthesis of p-['®F]fluoro-iodobenzene and its subsequent application in Sonogashira cross-coup-

ling.
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Scheme 40. Examples of the preparation of ['8F]N-(B-fluoroethyl)amine, ['®F]B-fluoroethyl ether and ['®F]B-fluoroethyl ester using ['*F]B-
fluoroethyl tosylate as labeling agent in a microwave-enhanced procedure.

The reactions of ['3F]B-fluoroethyl tosylate with amine,
phenol or carboxylic acid to form the corresponding
['8F]N-(B-fluoroethyl)amine, ['8F]B-fluoroethyl ether or
['8F]B-fluoroethyl ester exemplify the second strategy
(Scheme 40).1'7% The preparation of ['®F]B-fluoroethyl tos-
ylate does not necessarily need microwaves. Nevertheless,
microwaves allow the subsequent O- and N-alkylation reac-
tions to be heated rapidly to 150 °C even in a low boiling
point solvent, such as acetonitrile, and avoid the need to
use high boiling point solvents, such as DMSO or DMF, to
promote reaction. The microwave-enhanced reactions gave
higher radiochemical yields than thermal reactions per-
formed at similar temperatures and over similar reaction
times.

4.3. Micro-Reactors

Micro-reactor devices or microfluidic chips, consisting of
a network of micron-sized channels (typical dimensions in
the range 10-300 pm), filters, separation columns, elec-
trodes and reaction loops/chambers etched onto a solid
substrate, are now emerging as an extremely useful technol-
ogy for the intensification and miniaturization of chemical
processes.['71-173] The ability to manipulate, process and an-
alyze reagent concentrations and reaction interfaces in both
space and time within the channel network of a micro-
reactor provides the fine level of reaction control that is
desirable in PET radiochemistry practice.['’#!7>) Benefits in-
clude the use of less materials, easier and faster purification
with greater conservation of radioactive product and its
specific radioactivity. Especially, precious or difficult to ob-
2868
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tain precursors may be used in pg as opposed to mg quanti-
ties.

Early explorations of this technology in PET radiochem-
istry were performed with a simple T-shaped glass micro-
reactor (Scheme 41, A).['78 Because of its wide utility and
potential commercial value, ['*FIFDG radiosynthesis has
been favored to test various devices. Initially, NCA ['8F]-
fluoride ion/K2.2.2-K* solution was dried using the tradi-
tional azeotropic distillation method, then loaded into
microfluidic devices driven by syringe pumps. For a two
stage reaction, the reaction mixture from the first stage was
infused into the second microfluidic chip (Scheme 41,
B).['77-1781 The two chips can be integrated, with one area
heated and the other maintained at room temperature
(Scheme 41, C).'781 A fully integrated chemical reaction cir-
cuit (CRC)!'71 was incorporated into a polydimethylsilox-
ane (PDMS)-based chip (Scheme 41, D) that could produce
[" F]FDG in up to 1.5 mCi levels for micro-PET applica-
tions. Although this chip is easy to fabricate and control,
solvent incompatibility prevented its wider application.

For convenient adaptation to various fluorine-18 re-
search and development applications, micro-reactor systems
based on silica glass are advantageous (Scheme 41, E).[189]
These have better solvent compatibility and use the reagent
reservoir to store radioactivity and precursor solution.
Those solutions can then be used in many portions (typi-
cally 10 uL) to optimize reaction conditions, or in larger
volumes to produce radiotracers in sufficient amount for
imaging in monkey or even human subjects.!'8-1821 Such an
approach has been used extensively in our laboratory for
example for investigating the reaction of [!®F]fluoride ion
with diaryliodonium salts and for ['8F]fallypride synthesis.

Eur. J. Org. Chem. 2008, 2853-2873
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Scheme 41. Examples of micro-reactor or microfluidic apparatus for PET radiochemistry: (A) a simple T-micro-reactor; (B) two-stage
['*F]JFDG synthesis on two separate microfluidic chips; (C) two-stage ['*FJFDG synthesis on a single two-stage microfluidic chip with
localized heating, reproduced from!!’®! with permission (by courtesy of Dr. C. J. Steel, GE); (D) a fully integrated chemical reaction
circuit (CRC), reproduced from!!'”! with permission (by courtesy of Dr. H. R. Tseng, UCLA) and (E) 2-m length silica glass reactor
encased with high-temperature silicone in a brass support (by courtesy of Dr. A. M. Giamis, Advion).

4.4 Polymer-Supported Reagents in Radiofluorination

The attraction to use polymer-supported reagents in
['®F]fluorination includes potentially (a) easy purification
of final product and (b) convenient adaptation of radio-
synthesis to automation. Two strategies — one is to trap

1. 18F/H, 180
2. MeCN

['®F]fluoride ion on the polymer support with a weakly
basic counterion and the other is to attach the precursor
to the polymer-support — have been explored in fluorine-
18 chemistry (Scheme 42). The former uses polymer-

Q@mF_
N+
7\

N N
:< 1. tetra-acetylmannose-2-triflate __\<
a

MeCN, 100 °C, 3 min
2. 1N HCI, 100 °C, 15 min

["8FIFDG

1. 18F~ K2.2.2-K*,
MeCN, 86 °C, 2 min b

2.6 M HCI, 125 °C, 5 min O

Phe(
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where n=0, 2, 8 or 14

Scheme 42. ['8F]JFDG synthesis with (a) polymer-supported ['*F]fluoride ion or (b) polymer-supported precursor.
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supported 4-aminopyridinium or tris(n-butyl)phosphonium
salts.183:1841 The quaternary salts immobilize ['®F]fluoride
ions and act as a phase-transfer catalyst, so removing the
need for K2.2.2. The latter uses a perfluoroalkylsulfonate
linker to immobilize a D-mannose derivative precursor.!'33
Unreacted precursor remains on the resin and is separated
from the product by a simple filtration. Both strategies have
been tested as effective for the preparation of ['SF]FDG,
but should equally well be applicable to the preparation of
other '8F-labeled tracers.['8¢]

Conclusions

The increasing importance of PET as a drug develop-
ment tool and clinical research modality has driven the
need for an increasing array of '8F-labeled tracers. In turn,
the cyclotron availability of ['®F]fluoride ion in high quan-
tity and specific radioactivity has enabled and spurred the
development of new more versatile and effective radiochem-
istry with this ion. Moreover, new technologies are clearly
emerging to enable high activities of ['®F]fluoride ion to be
handled safely, effectively and reliably in compact devices.
These advances will likely underpin continued expansion in
the use of '®F-labeled tracers for clinical research and diag-
nosis and for drug discovery and development, with overall
great benefit to society.
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